Scattering environment conditions, such as fog, pose a challenge for many detection and surveillance active sensing operations in both ground and air platforms. For example, current autonomous vehicles rely on a range of optical sensors that are affected by degraded visual environments. Real-world fog conditions can vary widely depending on the location and environmental conditions during its creation. In our previous work we have shown benefits for increasing signal and range through scattering environments such as fog utilizing polarized light, specifically circular polarization. In this work we investigate the effect of changing fog particle sizes and distributions on polarization persistence for both circularly and linearly polarized light via simulation. We present polarization tracking Monte Carlo results for a range of realistic monodisperse particle sizes as well as varying particle size distributions as a model of scattering environments. We systematically vary the monodisperse particle size, mean particle size of a distribution, particle size distribution width, and number of distribution lobes (bi-modal), as they affect polarized light transmission through a scattering environment. We show that circular polarization signal persists better than linear polarization signal for most variations of the particle distribution parameters.
INTRODUCTION
Scattering environment conditions, such as fog, pose a challenge for many detection and surveillance active sensing operations in both ground and air platforms. For example, current autonomous vehicles rely on a range of optical sensors that are affected by degraded visual environments. Even modest gains in range in highly degraded visual environments can be a breakthrough. In our previous work we have shown benefits for increasing signal and range through scattering environments such as fog utilizing polarized light, specifically circular polarization. We have shown signal persistence benefits for circular polarization over broad wavelength bands for monodisperse sizes of radiation and advection fog [1] . Additionally, we revealed how circular and linear polarized light evolved during the scattering process in isotropic and forward-scattering environments [2] . Lastly, we have shown that circular polarization is more tolerant of optical system variations than linear polarization when measuring signal persistence [3] . These studies have focused on monodisperse scattering environments with various environmental parameters.
Real-world fog conditions can vary widely depending on the location and environmental conditions during its creation. In this work, we investigate the effect of changing fog particle sizes and distributions on polarization persistence for both circularly and linearly polarized light via simulation. We present polarization tracking Monte Carlo results for a range of realistic monodisperse particle sizes as well as varying particle size distributions as a model of fog scattering environments. We systematically vary the monodisperse particle size, mean particle size of a distribution, particle size distribution width, and number of distribution lobes (single or bi-modal), as they affect polarized light transmission through a scattering environment. We show that circularly polarized signal persists better than the linearly polarized signal for most variations of the particle distribution parameters. *johvand@sandia.gov 
BACKGROUND
Light scattering through fog can be modeled using Mie Theory due to fog particles natural spherical shape. Mie Theory is an exact solution to Maxwell's equations for spherical scattering particles [4, 5] . Mie Theory also can account for scattering from incident polarized light. Using Mie Theory and the Monte Carlo method we have developed and modified a polarization-tracking Monte Carlo code for simulating polarized light propagation through atmospheric aerosols such as fog [6, 7] . The polarization state of light can be defined by the Stokes parameters and the Stokes vector.
The || terms correspond to the parallel component of the field. Likewise, ⊥ corresponds to the perpendicular component of the field, and * corresponds to the complex conjugate. The total intensity of the light is S0, S1 is the preference of the light to be horizontal or vertical linearly polarized, S2 is the preference to be 45 or 135° linearly polarized, and S3 is the preference to be right or left circularly polarized. The sum of the squares of the S1 through S3 terms must always be less than or equal to the square of the S0 parameter. Light can vary from purely polarized to completely unpolarized. The Degree of Polarization (DoP) defines the percentage of light that is purely polarized,
The DoP can vary from 0 for completely unpolarized light, to 1 for purely polarized light.
For the purposes of this paper we are interested in the signal persistence of circularly polarized light versus linearly polarized light after transmitting through a scattering environment. In order to more easily graphically present this a parameter called the DoP difference (DoPdiff) was created. The DoPdiff is defined as,
where DoPcircular incident is the collected DoP for transmitted circularly polarized light and similarly for the incident linearly polarized case, DoPlinear incident. The transmitted DoP for each polarization case is determined by sending a pencil beam of one million photons into a slab of scattering media. The Stokes parameters for each photon are tracked throughout the scattering process until the photon is transmitted out of the slab or absorbed, photons reflected out of the slab are ignored. The Stokes parameters are combined and the cumulative transmitted DoP is calculated. These transmitted DoP values are then differenced giving the DoPdiff value. Each slab of scattering media was set to be 1000 cm in length and infinite in lateral extent. The atmospheric absorption over the 1000 cm path length for each wavelength was determined using MODTRAN [8] . For all the simulations, the density of particles in the slab was defined in order to maintain an optical thickness of 5 for all wavelengths, i.e. 1000 cm path length corresponds to 5 mean free paths. The optical thickness is defined as, = where is the particle volume density, is the extinction cross-section defined by Mie scattering theory, and L is the slab width. The index of the particles was set to that of water for the simulation wavelength [9] .
We performed Monte Carlo simulations for a range of realistic monodisperse particle sizes as well as varying particle size distributions as a model of fog scattering environments. We systematically varied the monodisperse particle size, mean particle size of the distribution, the particle size distribution width, and number of distribution lobes (bimodal). The monodisperse and mean particle size of the distributions were kept the same and ranged from 0.5 to 25 µm in radius. The mean particle radii investigated were 0.5, 2.5, 5, 10, and 25 µm. Three particle size distributions were investigated for each mean particle radii: monodisperse, a Gaussian distribution with variance of 0.005, and a Gaussian distribution with a variance of 0.5. An example of these distributions for the 5 µm radius case is shown in Figure 1 . 
SIMULATION RESULTS
Simulations were performed for each scattering environment for visible to long-wave infrared (LWIR) wavelengths. Wavelength sampling of 0.5 µm between wavelengths of 0.5 and 12 µm was used, corresponding to twentyfour total wavelength simulations for each scattering environment. Each wavelength simulation value is the result of one These results show that for the monodisperse and Gaussian distributions with mean particle radii of 2.5 µm and larger, changing the distribution width from a delta function to a variance of 0.5 does not affect the overall performance of circular polarization versus linear polarization. Overall, circularly polarized light maintains its DoP better than linear polarized light for most wavelengths in the visible to LWIR regimes for the larger particle sizes. For very large particles, such as the 25 µm radius particle, both circular polarization and linear polarization maintain their polarization through the scattering environment nearly equally, thus the DoPdiff is near 0. As the optical thickness for this very large particle scattering environment increases there may be more of a preference for circularly polarized light but simulation results for have not been completed. For the small particle size of 0.5 µm, visible and short-wave infrared (SWIR) wavelengths show a clear benefit for circular polarization for monodisperse and small variance distributions. Larger infrared wavelengths prefer linearly polarized light, but the effect is smaller than that typically observed with circularly polarized light. For such small particles, increasing the variance of the distribution also affects the polarization persistence. As the variance increases for small particles there are more and more larger particles in the distribution. At some point the average particle size of the distribution becomes larger than the original monodisperse size, and thus the scattering characteristics act more like a larger particle. Overall, circularly polarized light maintains its DoP better than linearly polarized light when transmitting through monodisperse and polydisperse distributions of moderate to large particles. Increasing the distribution width for all but the smallest particle distributions does not affect the overall performance of circularly polarized light. Circular polarization persistence in fog is in general unaffected by the scattering particle distributions width and is dependent only on the mean particle size of the distribution. For all the bi-modal distributions circularly polarized light persists better than linearly polarized light for nearly all visible to LWIR wavelengths. Similar to the single Gaussian distribution results, very large particle sizes such as the bi-modal distribution with 0.5 and 25 µm lobes shows a smaller benefit for circularly polarized light at this optical thickness. In general, increasing the bi-modal distribution lobes width does not change the polarization persistence of circularly polarized light. For the bi-modal distributions simulated, circular polarization persists through the environment better than linear polarization. Circular polarization's superior persistence is a benefit over broad wavelength ranges in the visible and traditional infrared regimes. Circular polarized signals transmitted in bi-modal scattering environments are not affected by the distributions width but merely the distributions mean particle size. Circular polarization's signal persistence, and thus increased range, is maintained for large changes of a fog scattering environment's parameters.
CONCLUSIONS
Circularly polarized light persists through fog like scattering environments better than linearly polarized light offering the ability to increase range in fog environments. Real-world fog conditions can vary widely depending on the location and environmental conditions during its creation. In this work we showed that changing the particle sizes and distributions of fog particles does not largely affect polarization persistence for circularly polarized light. We showed this for a range of realistic monodisperse particle sizes as well as varying particle size distributions. We systematically varied the monodisperse particle size, mean particle size of the distribution, the particle size distribution width, and number of distribution lobes (bi-modal). Overall, the various changes to the scattering environment's particle distribution does not affect where circular polarization outperforms linear polarization. For moderate to large mean particle size distributions, circular polarization persists through the environment better than linear polarization for visible and infrared wavelengths. For small mean particle size distributions circular polarization has increased persistence for visible and SWIR wavelengths. Circular polarization persists through fog scattering environments better than linear polarization for broad wavelengths and broad fog particle distribution parameters. Current autonomous vehicles rely on a range of optical sensors that are affected by degraded visual environments such as fog which could incorporate circular polarized light and increase detection range.
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